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1. Introduction 
Fluorescence quenching in natural and model 
membranes has recently been shown to be useful for 
examining membrane properties [l-5]. Molecules 
containing nitroxide groups [6] quench the fluores- 
cence of a wide variety of fluorophors. The quenching 
occurs when the nitroxide is close (< 4-6 A) to the 
fluorophor. Perylene fluorescence in bilayer vesicles 
and tryptophan fluorescence in red blood cell ghosts 
[2,3] can be quenched by spin-labeled fatty acids. 
The availability of spin-labeled phospholipids makes 
possible the detection of differences in fluorescence 
quenching among phospholipid species. Two different 
approaches to this binding problem are to measure 
either the relative fluorescence quenching of different 
spin-labeled phospholipids which are analogs of the 
phospholipid species of interest, or else to use one 
spin-labeled phospholipid and to measure its displace- 
ment by non-spin-labeled phospholipids. The latter 
approach, which we describe here, avoids the question 
of whether the spin-labeled phospholipid has the 
same protein-binding properties as does the analogous 
non-labeled phospholipid. In this way measurements 
can be made to evaluate the binding strengths of dif- 
ferent phospholipids to an intrinsic membrane protein. 
We report here experiments which utilize a spin-labeled 
phosphatidylcholine to detect binding differences 
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between DMPC and egg PC to the Ca”-ATPase of 
sarcoplasmic reticulum. 
To measure the quenching of an isolated intrinsic 
membrane protein by spin-labeled phospholipid, it is 
necessary to alter the native phospholipid composi- 
tion of the purified protein by the incorporation of 
the exogenous phospholipid into the membrane. The 
Ca”-ATPase of sarcoplasmic reticulum is an intrinsic 
membrane protein which can be reconstituted with a 
new phospholipid population by several methods 
[4,7-l 11. Incubation of Ca”-ATPase in the presence 
of a sufficient amount of the detergent potassium 
cholate equilibrates the endogenous phospholipid 
with a large excess pool of exogenous phospholipid 
[7-lo]. Upon removal of cholate from solubrlized 
phospholipid small unilamellar bilayer vesicles form 
[121. 
2. Experimental 
Ca”-ATPase was purified by the method in [ 131. 
The 1 -oxyl-2,Zdimethyloxazolidine derivative of 
S-keto-palmitic acid was synthesized as in [ 141. Spin- 
labeled phosphatidylcholine ((7,6) PC) was synthesized 
by condensation of the spin-labeled palmitic acid 
with lyso-phosphatidylcholine derived from egg yolk 
as in [ 151. Ca2+-ATPase was incorporated into phos- 
pholipid vesicles by a modification of the method in 
[lo]. Small unilamellar phospholipid vesicles were 
made by sonication in a bath sonicator. Samples of 
sonicated phospholipid vesicles were solubilized in 1% 
(w/v) potassium cholate, pH 7.8. After a 30 min 
incubation purified Ca”-ATPase was added to each 
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sampIe. After another 30 min incubation an aliquot 
of each sample was diluted lOU-fold in 20 mM Tris- 
Cl (pH 7.5). Fluorescence of the samples was measured 
using a Perkin-Elmer MPF3 spectrofhrorimeter opera- 
ting in ratio mode. Samples u>ere xposed to excitations 
at 290 rim and emission was measured at 340 nm, 
with excitation and emission slits set at a nominal 
bandwidth of 10 nm. Vesicle size was measured by 
gel permeation chromatography on a 30 X 1 .S cm 
Sepharose 4B column. ‘H NMR studies were per- 
formed using a Vatian CFT-20 NMR Spectron~eter 
operating at 79.54 MHz, equipped for variable tem- 
perature operation. 
3. Results and discussion 
Since the nitroxide moiety might perturb the 
phospholipid bilayer structure, especially in the high 
concentrations used for fluorescence quenching 
experiments, preliminary studies were conducted to 
deterMine some physical properties of aqueous dis- 
persions of (7,6) PC. Sepharose 4B chromatog~phy 
of sonicated dispersions of (7,6) PC indicated that the 
phospholipid is in the form of small unilamellar 
vesicles, of approximately the same size as egg PC 
vesicles. When Ca”-ATPase was reconstituted with 
(76) PC by cholate dilution, the protein-containing 
phosphol~pid vesicles chromatographed on Sepharose 
4B as a dispersion of homogeneous size with a profile 
similar to that in [ 121 for small unilamellar vesicles 
prepared from egg PC by removal of cholate with 
Sephadex G-50. “H NMR resonance studies of line- 
width and signal intensity (E, L. and G. W. F., unpub- 
lished observations) indicated that in unsonicated dis- 
persions at 23°C the (76) PC molecules have signifi- 
cant mobility relative to DPPC dispersions (which are 
in the gel state at 23’C). These studies also showed 
that there is no sharp transition between 23°C and 
88°C for the (7.6) PC. Finally, the ATPase activity af 
the enzyme could be detected in (7,6) PC: in 49 mof% 
(7,6) PC-49 mol% egg PC, ATPase activity is 9 E.rmol/ 
min/mg and in 98 mol% (7,6) PC, ATPase activity is 
4 ~mol/min/mg. (The other 2 mol% of phospholipid 
is endogenous sarcoplasmic reticulum phospholipid 
associated with the purified Ca2’-ATPase.) These . 
v&m compare favorably with those in [S] for the 
activity of CaZS-ATPase in saturated phospholipids, 
52 
Fig. I, Quenching of Ca”-ATPase fiuorescence by mcorpora- 
tlon of (7.6) PC. Samples consisting of 12 /.q Ca”-ATPase 
were reconstituted wth 0.2 kmol total of egg PC and (7,6) 
PC in 2 ml 20 mM Trls-C1 (pH 7.5). Fluorescence was mea- 
sured at 23°C. 
The effect on protein tryptophan fluorescence of 
the incorporation of increasing mol% of (7,6) PC in 
egg PC is illustrated in fig.1, Significant quenching is 
observed with as little as X0 moI% (76) PC. The 
quenching is not linear with molrf spin label. There is 
more quenching per spin-labeled PC at low mol% of 
spin label. About 80% of the fluorescence was 
quenched with 98 mal% (7,6) PC. At 98 mol% (7,6) PC 
there is little or no shift of the fluorescence excita- 
tion or emission spectra of the enzyme. A simple 
explanation for the high degree of quenching is that 
most tryptophans are in close proximity to the phos- 
pholipids surrounding the protein. It is also possible 
that fluorophors far from the phospholipid transfer 
their excitation energy to tryptophans near the phos- 
phoiipids. In figI the ratio of total phusplloli~id to 
protein was -15 : 1 (w/w). Tn experiments where 
Ca2*-ATPase was incorporated into vesicles containing 
only spin-labeled phospholipid, about 75% quenching 
of protein fluorescence was obtained at a 5 : 1 ratio 
of phospholipid to protein. At higher ratios of phos- 
pholipid to protein fittle additional quenching was 
obtained. 
Since the phospholipid immediately surrounding 
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Fig.2. Effect of cholate addition on quenching of Ca*-ATPase 
fluorescence by (7,6) PC. Potassium cholate (pH 7.8) was 
titrated into a sample consisting of 12 pg Cap’-ATPase recon- 
stituted as in fig.1 with 0.1 pmol each of DMPC and (7,6) PC. 
Fluorescence was measured after each addition of cholate. 
the intrinsic membrane protein is believed to be 
relatively immobile [ 16,171 and since the effective 
viscosity of a phospholipid bilayer is high relative to 
that of Hz0 [ 181, the quenching probably represents 
a static process over the tryptophanyl fluorescence 
lifetime of 2-5 ns. In addition, quenching arises only 
from bound phospholipids surrounding the protein. 
The shape of the quenching versus mol% (7,6) PC 
curve depends on several factors including the distri- 
bution of tryptophan residues and the binding iso- 
therm for each phospholipid. 
The effect of the addition of cholate on the 
fluorescence of Ca”-ATPase reconstituted with (7,6) PC 
is shown in fig.2. The fluorescence quenching by 
(7,6) PC can be abolished by the addition of cholate. 
This effect, caused by the delipidation of the enzyme 
by the detergent [19], shows that the binding of the 
(7,6) PC to the Ca”-ATPase is reversed upon addition 
of cholate. 
Fig.3. Temperature dependence of quenching of CaZ+-ATPase 
fluorescence in reconstituted samples containing 10 mol% 
(7,6) PC. Samples were prepared as in fig.1. The fluorescence 
ratio was calculated from the ratio of fluorescence m samples 
with 10 mol% (7,6) PC to fluorescence in samples with no 
(7,6) PC. (0) Fluorescence ratio with 10 mol% (7,6) PC in egg 
PC. (o) Fluorescence ratio with 10 mol% (7,6) PC in DMPC. 
A comparison of quenching in mixtures of (7,6) PC 
with either egg PC or DMPC is shown in fig.3. Between 
12°C and 35”C, the temperature range examined, the 
(7,6) PC quenches fluorescence more strongly in 
vesicles containing DMPC than in vesicles containing 
egg PC. The quenching in the sample containing egg 
PC is not temperature dependent. The quenching by 
(7,6) PC in the sample containing DMPC is signifi- 
cantly enhanced at lower temperatures. As DMPC- 
containing vesicles are cooled below their transition 
temperature the local phospholipid environment of 
the Ca*‘-ATPase, i.e., the layer of bound phospholipid, 
is enriched in (7,6) PC. This is consistent with the 
observation [20] that the Ca*‘-ATPase is found in an 
environment of phospholipids in the liquid crystal 
state rather than in phospholipids in the gel state in 
systems where both phases coexist. There seems to be 
no sharp change in quenching at the transition tem- 
perature of DMPC (24’C). This may be due to the 
broadened phase transition of small unilamellar vesicles 
relative to the transition in large multilamellar vesicles 
[21], an effect of the (7,6) PC on the transition tem- 
perature of the vesicles or an effect of residual cholate 
in the vesicles. There could also be a perturbation of 
the local phospholipid environment by the Ca*+-ATPase 
which results in a very broad phase transition, or no 
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phase transition at all, in the vicinity of the enzyme 
[ 161. The difference in the level of quenching by 
(7,6) PC with egg PC as compared to (7,6) PC with 
DMPC indicates that egg PC excludes more (7,6) PC 
from the environment of the Ca*‘-ATPase than does 
DMPC, i.e., egg PC ‘binds’ more tightly to the enzyme 
than DMPC. Some of this difference in ‘binding’ is 
a consequence of the phase transition of DMPC 
vesicles. However, the difference in quenching persists 
at temperatures above the phase transition of DMPC, 
and so may represent a difference in the intrinsic 
affinity of the Ca”-ATPase for egg PC and for DMPC. 
In summary, these quenching measurements are 
sensitive to the phospholipid composition of the imme- 
diate environment around the Ca”-ATPase, when the 
protein is incorporated into a bilayer vesicle. These 
experiments provide a method for determining differ- 
ences in relative binding strengths of different phos- 
pholipid to an intrinsic membrane protein. Other 
factors, such as the phase transition behavior of a 
phospholipid, can also affect which phospholipids 
are bound to the protein. Finally it should be noted 
that although the differences in the phospholipids 
used here were in the fatty acyl chains, the binding of 
phospholipids with different headgroups could also 
be measured using this technique. 
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